INTRODUCTION
Fatty acids are essential components of cellular membranes and are important sources of metabolic energy in all organisms. The conservation and divergence of fatty acid metabolic pathways have been extensively studied in bacteria (Parsons and Rock, 2013) . Generally, the degradation of fatty acids is catalyzed by the fad gene products, which are responsible for the transport, activation and boxidative cleavage of exogenous fatty acids (Parsons and Rock, 2013) . Fatty acid biosynthesis, on the other hand, is catalyzed by a type II fatty acid synthase (FASII), consisting of multiple enzymes encoded by fab genes, and reaction intermediates of FASII are carried as thioesters by acyl carrier protein (ACP) (Parsons and Rock, 2013) . The processes of fatty acid degradation and synthesis must be strictly regulated in response to changes in growth rate, nutrient availability and environmental stimuli in order to maintain membrane lipid homeostasis.
There is accumulating evidence from studies of various bacterial species that specific transcription factors regulate the expression of fad and fab genes (Fujita et al., 2007; Zhang and Rock, 2009) . The most extensively characterized of these is the GntR family transcription factor FadR from Escherichia coli. FadR negatively and positively regulates expression of the fad and fab genes, respectively, under conditions where exogenous fatty acids are not available (Henry and Cronan, 1991; My et al., 2015) . When exogenous fatty acids are taken up, long-chain acyl-CoA esters accumulate and bind to FadR, resulting in its inactivation and a consequent increase and decrease in the expression levels of the fad and fab genes, respectively. In several Gram-positive bacteria, a set of fab genes has been reported to be regulated through the action of a single repressor, such as the DeoR family transcription factor FapR from Bacillus subtillis (Schujman et al., 2003) and the MarR-family transcription factor FabT from Streptococcus pneumoniae (Lu and Rock, 2006) .
In cyanobacteria, Gram-negative photoautotrophs that do not have a fatty acid degradative b-oxidation pathway, the regulatory mechanisms for fatty acid metabolism may be largely different from those of heterotrophic bacteria. In this study, we aimed to identify transcription factors involved in regulation of the fab genes in the cyanobacterium Synechocystis sp. PCC 6803 (S.6803). Notably, orthologs of fab genes, but not of fad genes, except for fadD (aas) encoding acyl-ACP synthetase, are present in the S.6803 genome (Cyanobase: http://genome.microbedb. jp/cyanobase/). Generally, fab genes are organized into operons in bacterial genomes, and transcription factors regulating these operons can be easily identified based on shared synteny (Eckhardt et al., 2013) . However, this strategy could not be applied to S.6803, because the operon structure is usually not conserved in this organism and the fab genes are localized throughout the genome.
In this study we used DNA affinity chromatography to isolate protein factors that bind to fab upstream regions, and showed that LexA, a transcription factor that is a wellknown repressor of the SOS regulon in other bacterial species (Butala et al., 2009) , binds to the upstream regions of multiple fab genes. Characterization of a lexA-disrupted S.6803 mutant revealed that LexA acts as a repressor of fab genes. Furthermore, we found that disruption of lexA substantially increased the production of fatty acids in strains modified by metabolic engineering to secrete free fatty acids. Eliminating the suppression of fab gene expression by LexA has potential benefits for industrial applications, such as the production of biodiesel.
RESULTS

Isolation of transcription factors binding to the fab promoter fragments from crude S.6803 extracts
Of the multiple fab genes annotated in Cyanobase, we focused on fabD (slr2023), fabH (slr1511), fabF (sll1069), fabG (slr0886), fabZ (sll1605) and fabI (slr1051), based on the sequence similarity to the fab genes encoding FASII enzymes in other bacterial species. According to the data set of transcriptional start sites determined by differential RNA sequencing (dRNA-seq) (Mitschke et al., 2011) , fabF (sll1069) is co-transcribed with acpP (ssl2084) and the other fab genes are transcribed monocistronically.
DNA affinity chromatography was performed using the promoter fragments of acpP-fabF (PacpP-fabF) and fabI (PfabI). DNA fragments containing the putative transcriptional start site of acpP and fabI were amplified by PCR with biotinylated forward primers. The resulting PCR products (PacpP-fabF; 424 bp; PfabI; 456 bp) were coupled to streptavidin beads and incubated with a soluble protein fraction of crude 6803 wild-type (WT) extracts (OD 730 = approx. 1.0). After washing the beads with binding buffer containing 0.1 M NaCl, a single protein with an apparent molecular weight of 27 kDa was recovered from the fractions eluted with the same buffer containing a higher concentration of NaCl (0.8 M, PacpP-fabF; 0.6 M, PfabI) (Figure 1 ). Matrix-assisted laser desorption-ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis revealed that the protein binding to both promoter regions was LexA (Sll1626) ( Figure S1 and Table S1 in the online Supporting Information). The LexA repressor is well known to play an important role in the SOS response in Escherichia coli and many other bacterial species (Butala et al., 2009) . Previous transcriptome analyses of a gene-disrupted S.6803 lexA (DlexA) mutant revealed that LexA is not involved in the SOS response in S.6803, but rather in transcriptional regulation of genes related to various cellular functions (Kamei et al., 2001; Domain et al., 2004; Kizawa et al., 2016) . To date, as far as we are aware, there has A 27-kDa protein interacting with the PacpP-fabF and PfabI promoters was isolated by DNA affinity chromatography from the supernatant of a crude S.6803 extract (sup). After washing with a buffer containing 0.1 M NaCl (wash 1, 3 and 6) to remove non-specifically bound proteins, elution was performed with increasing NaCl concentrations from 0.2 to 1.0 M. Each fraction was analyzed by 15% non-reducing SDS-PAGE followed by silver staining. been no report of regulation of fatty acid metabolism by LexA in any species.
Binding activity of LexA to fab promoter fragments Recombinant His-LexA protein expressed in E. coli, and purified to near homogeneity (Kizawa et al., 2016) , was used to test whether LexA can bind to the promoter regions of a set of fab genes (Pfabs) (Figure 2 ). Digoxigenin (DIG)-labelled Pfabs PCR fragments, a proximal fragment including a region of approximately 100 bp upstream of the putative transcriptional start site and a distal fragment including a region of around 100 bp upstream of the proximal fragment, were incubated with different concentrations of His-LexA. An electrophoresis mobility shift assay (EMSA) revealed that His-LexA can bind to both proximal and distal fragments of PfabD, PfabH, PfabF and PfabG. In the case of PfabZ and PfabI, binding of His-LexA was observed with the distal and proximal fragments, respectively. The addition of 50-fold excess of unlabeled specific promoter fragment as a competitor DNA abolished the formation of the shifted complex for each Pfab. These experiments indicated that His-LexA binds to all Pfabs investigated, and suggested that in S.6803 LexA may function as a master transcription factor regulating a set of fab genes.
Transcript levels of fab genes in the DlexA mutant under normal growth conditions
In order to examine the putative role of LexA in transcriptional regulation of the fab genes in S.6803, quantitative (q)RT-PCR analysis was performed with WT S.6803 and a mutant in which the lexA gene was disrupted by inserting a kanamycin (Km) resistance cassette (DlexA). Although the WT copy of the lexA gene remained in the genomic DNA, levels of both the lexA transcript and LexA protein were below the detection limit in this mutant (Kizawa et al., 2016) . Here, we performed an immunoblot analysis using an anti-LexA antibody again, and confirmed that the LexA protein was not detected in DlexA ( Figure S2 ).
The fab transcript levels under normal growth conditions at OD 730 = approx. 0.5 detected by qRT-PCR in this study were consistent with those previously shown by RNA-seq analysis (Kizawa et al., 2016) (Figure S3 ). Figure 3 shows the relative transcript levels of each fab gene indicated on the presumed fatty acid biosynthetic pathway in S.6803. The transcript levels of fabD, fabH, fabF and fabG genes were significantly higher in DlexA than the WT, whereas those of fabZ and fabI were similar between strains. It is worth noting that genes showing significant increases in expression level in DlexA in Figure 3 also showed a clear gel shift pattern in Figure 2 . These results suggest that LexA acts as a repressor of the fab genes involved in initiation of fatty acid biosynthesis (fabD, fabH and fabF) and the first reductive step in the subsequent elongation cycle (fabG) under normal growth conditions. Characterization of the DlexA mutant grown under nutrient-depleted conditions Next, we examined whether LexA is involved in transcriptional regulation of the fab genes in response to a change in environmental conditions. Information regarding the expression levels of the fab genes under different environmental conditions in cyanobacteria is currently limited, probably due to the low abundance of fab transcripts. We decided to focus on phosphate (P)-depleted and nitrogen (N)-depleted conditions since changes in composition of membrane lipids have been reported in photosynthetic organisms. Under P-depleted conditions, replacement of The fab promoter regions were split into two fragments, a proximal (approx. 100 bp upstream from the transcriptional start site) and a distal (approx. 100 bp upstream from the proximal fragment) fragment, and labelled with digoxigenin. An electrophoresis mobility shift assay was carried out with increasing concentrations of His-LexA protein (0, 0.5, 1 and 2 ng). Competition experiments were performed with 2 ng His-LexA by addition of 5-or 50-fold excess of unlabeled specific promoter fragments. phospholipids with non-phospholipids has been observed in many oxygenic photosynthetic organisms, including cyanobacteria (Awai, 2007; Nakamura, 2013) . In addition, under N-depleted conditions, activation of the de novo synthesis and recycling of fatty acids and the accumulation of triacylglycerol have been reported in green algae (LiBeisson et al., 2015) .
The growth curves of WT and DlexA under these nutrient-depleted conditions are shown in Figure 4 (a). Under normal growth conditions, the doubling time of DlexA (34.3 h) was longer than that of the WT (20.3 h) at log phase, which is consistent with a previous report (Kizawa et al., 2016) . The growth rate under P-depleted conditions was comparable to the normal growth conditions in both strains; however, under N-depleted conditions, the growth of both strains was severely retarded. Immunoblot analysis revealed that the accumulation level of LexA protein was not significantly affected by incubation under these nutrient-depleted conditions for 12 h (Figure 4b ). When the amounts of chlorophyll and phycocyanin in WT and DlexA were calculated from the peak heights of cellular absorption spectra ( Figure S4 ), a difference between the treatments was again observed. Under P-depleted conditions, the decrease in photosynthetic pigments was not significant for either strain. However, incubation under Ndepleted conditions for 36 h resulted in a decrease in chlorophyll content to 58% and 71% of the initial level, and a decrease in phycocyanin content to 22% and 35% of the initial level in WT and DlexA, respectively.
Transcript levels of the fab genes in the DlexA mutant under nutrient-depleted conditions
To evaluate the regulatory role of LexA under nutrientdepleted conditions, transcript levels of the fab genes of WT and DlexA incubated under N-or P-depleted conditions for 12 h were examined by qRT-PCR ( Figure 5 ). We noted that fab transcript levels in the WT showed opposite patterns of change to N-or P-depletion. Specifically, fab transcript levels in the WT showed a coordinated decrease under N-depleted conditions, but an increase under Pdepleted conditions. A decrease in fab transcripts was also observed in N-depleted DlexA, although the accumulation levels of fabD, fabH and fabF transcripts were much higher than in the N-depleted WT. An increase in fab transcripts under P-depleted conditions was not observed in DlexA, probably because expression of the fab genes is already de-repressed under normal growth conditions in this mutant. The fabG, fabZ and fabI transcript levels under P- depleted conditions were higher in the WT than in DlexA, indicating that LexA acts as an activator of these genes under P-depleted conditions, although further analysis is required to confirm this hypothesis. In order to determine whether transcriptional regulation in response to N or P depletion occurred normally in DlexA, we measured transcript levels of the N-limitation-inducible gene amt1 (sll0108), encoding ammonium permease (Montesinos et al., 1998) , and the P-limitation-inducible gene pstS1 (sll0680), encoding phosphate-binding periplasmic protein precursor (Pitt et al., 2010) . Induction of amt1 and pstS1 expression was observed under N-and P-depleted conditions, respectively, in both strains, indicating that DlexA has the ability to perceive nutrient depletion and modulate gene expression profiles.
The effect of eliminating LexA in free fatty acid-secreting strains Although the expression levels of the fab genes in DlexA were higher than in the WT under normal conditions, the amount of total cellular fatty acids, as determined by gas chromatography, was not significantly different between strains. It has been reported that the activity of FASII is regulated by feedback inhibition of FabH and FabI by the end-products, long-chain acyl-ACPs (Rock, 2008) . We hypothesized that the effect of de-repression of the fab genes by removal of the LexA repressor might be observed in strains that secrete free fatty acids, since mitigation of acyl-ACP feedback inhibition has been reported in these strains (Liu et al., 2011) . Strains secreting free fatty acids have been generated by disruption of the aas gene (slr1609), which encodes acyl-ACP synthetase, and by the introduction of an acyl-ACP thioesterase gene from Umbellularia californica (UcTE) . Acyl-ACP synthetase acts to recycle free fatty acids released from cell membranes, and aas null mutants in S.6803 have been reported to accumulate and secrete free fatty acids (Kaczmarzyk and Fulda, 2010) . Acyl-ACP thioesterase terminates de novo fatty acid biosynthesis by hydrolyzing the thioester bond between ACP and synthesized fatty acids. Introduction of a bacterial or plant-type acyl-ACP thioesterase gene into the aas knockout mutant of S.6803 was reported to be effective for increasing the amount of free fatty acids secreted (Liu et al., 2011; Kawahara et al., 2016) .
We disrupted the lexA gene in each of the free fatty acid-secreting strains, Daas and Daas::UcTE, to examine the effect of LexA depletion on fatty acid production. Although a WT copy of lexA remained in the genome of the resulting DaasDlexA and Daas::UcTEDlexA strains (Figure S5) , LexA protein was not detected by immunoblot analysis ( Figure S2 ). LexA protein levels in the Daas and Daas::UcTE strains were similar to that in the WT (Figure S2) . These strains were grown in an Erlenmeyer flask under fatty acid-secreting conditions and illuminated at 60 lmol photons m À2 sec À1 with rotary shaking for 2 weeks. The growth curve under these conditions is shown in Figure 6 (a). At the log phase, DaasDlexA and Daas::UcTEDlexA grew more slowly than Daas and Daas:: UcTE. However, after a week of incubation, the cell density in cultures at the stationary phase was similar between strains. After 2 weeks, the cell densities of all strains reached OD 730 = 7 and we then extracted fatty acids with hexane from the entire cultures, including cyanobacterial cells. The fatty acid concentrations, determined by gas chromatography, in the Daas and DaasDlexA cultures (Figure 6b) were 9.03 AE 1.96 mg L À1 and 26.35 AE 6.35 mg L À1 , respectively. The amounts of C16 and C18 fatty acids were 2.5-fold and 3.1-fold higher, respectively, in DaasDlexA than in Daas, In addition, the amount of total fatty acids was 2.9-fold higher in DaasDlexA than in Daas. Figure 6( fatty acid synthesis upon reaching a carbon chain length of 12 (lauric acid) (Liu et al., 2011) , the amounts of C12 fatty acids produced were considerably higher in the strains harboring the UcTE genes. The amount of total fatty acids was 1.4-fold higher in Daas::UcTEDlexA than in Daas:: UcTE. Given that cell densities after 2 weeks were similar in the strains, we conclude that the gain in fatty acid production in the DlexA strains reflects increased fatty acid production on a per cell basis.
DISCUSSION
Transcriptional regulation of fab genes by the global LexA regulator
In this study, we aimed to identify transcription factors involved in regulating the fab genes encoding fatty acid biosynthetic enzymes in S.6803. We isolated LexA (Sll1626) by DNA affinity chromatography due to its ability to bind to the upstream region of the acpP-fabF and fabI genes ( Figure 1 ). We then determined that His-LexA recombinant protein binds in vitro to the upstream region of all the fab genes tested,; namely, fabD, fabH, fabF, fabG, fabZ and fabI (Figure 2 ). LexA is a highly conserved transcription factor among bacterial species and is well known as a repressor of SOS response-related genes involved in DNA repair (Erill et al., 2007; Butala et al., 2009 ). However, it has been suggested that LexA orthologs in several cyanobacterial species are not involved in typical SOS regulation. DNA microarray analysis revealed that the expression levels of genes that are responsive to the availability of inorganic carbon, rather than SOS response-related genes, were largely affected in the LexA-depleted S.6803 mutant (Domain et al., 2004) . Furthermore, there is evidence that S.6803 LexA acts as a global regulator that directly binds to upstream regions of genes encoding proteins with functions in various cellular processes, such as a bidirectional hydrogenase (Gutekunst et al., 2005; Oliveira and Lindblad, 2005) , an RNA helicase (Patterson-Fortin et al., 2006), a sodium-dependent bicarbonate transporter (Lieman-Hurwitz et al., 2009), subunits of the type IV pilus-like structure required for twitching motility (Kamei et al., 2001; Kizawa et al., 2016) and transporter and biosynthetic enzymes for the major compatible solute, glucosylglycerol (Kizawa et al., 2016) .
In heterotrophic bacterial species, specific transcription factors are known to be involved in the coordination of fatty acid degradative and biosynthetic pathways as a response to the availability of exogenously supplied fatty acids. Regulation of their DNA-binding activity is achieved by binding of ligand molecules, such as acyl-CoA (Fujita et al., 2007; Zhang and Rock, 2009) . In contrast, our data suggest involvement of the global regulator LexA in the direct regulation of the fab genes in S.6803. Unlike other bacterial species, cyanobacteria acquire energy by light harvesting, and carbon skeletons are supplied via photosynthetic carbon fixation. We propose that cyanobacteria use a global regulator to coordinate various cellular processes, including fatty acid biosynthesis, in response to environmental changes.
Transcriptional regulation of the fab genes under normal growth conditions
Quantitative RT-PCR analysis of the WT and DlexA mutant under normal growth conditions revealed that LexA acts as a repressor of the fabD, fabH, fabF and fabG genes involved in the initiation and the first step of the elongation cycle of fatty acid synthesis (Figure 3 ). LexA binds to both the proximal and distal promoter regions of fabD, fabH, fabF and fabG, whereas it binds to either one of the promoter regions in the case of fabZ and fabI (Figure 2) . In E. coli, differences in the level, timing and duration of induction of LexA-regulated genes are partly due to differences in the location and number of binding sites (Butala et al., 2009) , 2004) . We looked for these known consensus sequences in the promoter fragments to which LexA showed binding activity in DNA affinity chromatography ( Figure 1 ) and EMSA (Figure 2 ), but none of the known consensus sequences was commonly found in all the promoter fragments. However, we identified a 5 0 -CTA-N 9 -CTA-3 0 sequence in the proximal fragments of fabD, fabF and fabI and in the distal fragment of fabH, a 5 0 -CTGT-N 8 -ACAG-3 0 sequence in the distal fragment of fabH, a 5 0 -TTTTG(A/T)TNAC-3 0 sequence in the proximal fragment of fabI and a 5 0 -GAAC-N 4 -GTTC-3 0 sequence in the distal fragment of fabD. They showed >90% nucleotide sequence identity to the corresponding consensus sequences.
Transcriptional regulation of the fab genes under nutrientdepleted conditions
In S.6803 WT, the fab expression level tended to be lower under N-depleted conditions and higher under P-depleted conditions compared with normal growth conditions. Under N-depleted conditions, where cell proliferation is repressed, de novo fatty acid synthesis to supply membrane lipids must be downregulated, since the process requires a large energy investment. Accordingly, in both WT and the DlexA mutant, a decrease in the fab transcript levels was observed. This suggests that the repression of the fab genes is mainly achieved by transcription factors other than LexA under N-depleted conditions. Based on the higher transcript levels of fabD, fabH and fabF in DlexA than in WT, it appears that LexA is partially involved in the repression. Unlike N-depleted conditions, the growth rate under P-depleted conditions was comparable to that under normal growth conditions. Since activation of fab gene expression is required to support active cell proliferation, the LexA repression effect may be weakened under Pdepleted conditions.
Regulation of LexA activity in response to a change in nutrient availability
Our data suggest that the action of the LexA repressor on the fabD, fabH and fabF genes is enhanced under Ndepleted conditions, whereas it is weakened under Pdepleted conditions. Since the LexA protein levels did not change during incubation under these nutrientdepleted conditions (Figure 4b ), it is unlikely that the activity of LexA is regulated at the level of protein abundance. It has been reported that the activity of typical LexA orthologs involved in the SOS response is regulated via autoproteolytic cleavage (Butala et al., 2009 ), but functional sites required for autocleavage are not conserved in S.6803 LexA (Patterson-Fortin et al., 2006) . Furthermore, S.6803 LexA seems not to possess ligandbinding domains, unlike transcription factors regulating fatty acid metabolism in heterotrophic bacteria. One possible mechanism for regulating LexA activity is proteinprotein interaction. Indeed, Hanke et al. (2011) reported that LexA interacts with the reduced form of ferredoxin, and it may be that the affinity of ferredoxin for LexA changes when the redox state of ferredoxin is affected by environmental factors, such as light and nutrients. Another possibility is post-transcriptional modifications as reported by Oliveira and Lindblad (2011) , who detected several putative isoforms of LexA with different isoelectric points in a S.6803 protein extract by twodimensional electrophoresis. The binding activity of LexA may thus be regulated by post-translational modifications, such as phosphorylation and methylation, under different nutrient conditions.
Concluding remark
We have shown that the global regulator LexA, involved in regulation of genes related to various cellular processes in S.6803, also acts as a repressor of fatty acid biosynthetic genes. To regulate fatty acid metabolism, cyanobacteria seem to employ an entirely different strategy from that of heterotrophic bacteria, which use specific transcription factors whose activity is regulated by the binding of effector molecules. Although the regulatory mechanism is still unknown, the activity of LexA is modulated in response to changes in nutrient availability. Since the most energetically expensive membrane lipid components are fatty acids, their synthesis must be strictly regulated at multiple steps. We observed that removal of the LexA repressor alone did not cause an increase in total cellular fatty acids in the WT background. However, removal of LexA in the Daas and Daas::UcTE mutants resulted in increased production of free fatty acids ( Figure 6 ). The combination of the removal of the LexA repressor and feedback inhibition of FASII enzymes by acyl-ACPs may be an effective means to upregulate the production of fatty acids.
EXPERIMENTAL PROCEDURES Strains and culture conditions
A glucose-tolerant non-motile strain (GT strain) of Synechocystis sp. PCC 6803 (S.6803) was used as the WT strain in this study.
To obtain the lexA (sll1626)-disrupted mutant (DlexA), a Km resistance cassette was inserted at nucleotide 1319123 of the coding region of lexA (Kizawa et al., 2016) . The strains secreting free fatty acids were produced as previously described . Briefly, Daas and DaasDlexA strains were obtained by insertion of a spectinomycin (Sp) resistance cassette after the removal of a part of the coding region (243 bp) of aas (slr1609) encoding acyl-ACP synthetase from the WT and DlexA genomes, respectively. The Daas::UcTE and Daas::UcTEDlexA strains were obtained by insertion of the Sp resistance cassette, the strong psbA2 promoter and the UcTE gene encoding thioesterase from U. californica into the aas gene in the WT and DlexA genomes, respectively.
The WT strain was grown in an aerated culture at 32°C in BG11 medium containing 20 mM HEPES-NaOH, pH 7.0, under continuous illumination by 20 lmol photons m À2 sec
À1
. DlexA was grown under the same conditions, except that 20 lg ml
Km was added to the medium. For qRT-PCR analysis, total RNA was extracted from the DlexA culture grown without Km to exclude the influence of Km on the gene expression profile. Cell density was estimated by measuring OD 730 using a spectrophotometer (model UV-160A, Shimadzu, http://www.shimadzu.com). For nutrient limitation experiments, WT and DlexA cells grown in BG11 medium to OD 730 = 0.5 under normal growth conditions were washed three times with N-or P-free BG11 medium and inoculated into the same medium at initial OD 730 = 0.3 and incubated for 12 h.
For free fatty acid production, the Daas, DaasDlexA, Daas::UcTE and Daas::UcTEDlexA strains were each inoculated into 25 ml of BG11 containing 20 mM HEPES-NaOH, pH 7.0, in Erlenmeyer flasks at an initial OD 730 = 0.2 and grown at 30°C under continuous illumination by 60 lmol photons m À2 sec
, with rotary shaking.
DNA affinity chromatography of proteins binding to the fab promoter fragments
Biotin-labeled promoter segments from the acpP (ssl2084)-fabF (sll1069) and fabI (slr1051) promoters were obtained by PCR with the primer sets fabFpro-F and fabF-R (for amplification of 424 bp, from nucleotides 822197 to 821774) and fabI-F and fabIdis-R (for amplification of 456 bp, from nucleotides 503487 to 503942) using genomic S.6803 DNA as a template. Nucleotide sequences of primers used in this study are shown in Table S2 . fabFpro-F and fabI-F primers were biotinylated at the 5 0 end. One-hundred picomol of the PCR products was immobilized on 3 mg of Dynabeads â M-280 Streptavidin (Invitrogen, http://www.thermofishe r.com) according to the manufacturer's instructions. Five-hundred milliliters of WT cell culture grown to an OD 730 of 1.0 under normal growth conditions was harvested. After washing with cell wash buffer [50 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, pH 7.5, and 50 mM NaCl], the pellet was resuspended in 500 ll of binding buffer [50 mM TRIS-HCl, pH 7.5, 1 mM EDTA, 10% (w/v) glycerol, 1 mM DTT, 100 mM NaCl, 0.05% (w/v) Triton X-100, 10 ll protease inhibitor cocktail (Roche, http://www.roche.c om)]. After addition of 3.6 g of zirconia beads (diameter 0.1 mm; BioSpec Products, https://www.biospec.com), the cells were disrupted for 150 sec (three rounds of 50 sec each with 30 sec on ice between) using a Mini-Bead Beater (BioSpec) and the soluble protein fraction was obtained by centrifugation at 27 000 g for 10 min. Three milligrams of Dynabeads coupled with the fab promoter fragments was incubated with 8.4 mg of the soluble fraction on a rotator for 2 h at room temperature (25°C). The beads were washed with binding buffer containing 0.1 M NaCl. Bound proteins were eluted with 50-ll aliquots of binding buffer containing 0.2, 0.4, 0.6, 0.8 or 1 M NaCl. An aliquot of each of the eluted fractions was subjected to 15% (w/v) non-reducing SDS-PAGE and the gel was silver stained.
Identification of proteins binding to the fab promoter fragments by MALDI-TOF MS
Five-hundred microliters of the eluted fraction (0.8 M and 0.6 M NaCl fractions for PacpP-fabF and PfabI, respectively) was obtained by pooling 10 of the affinity purification procedures described above and concentrated to 25 ll using an Amicon Ultra-4 centrifugal filter (cut-off molecular weight 10 3 , Millipore, http:// www.emdmillipore.com). The concentrated sample was subjected to 15% (w/v) SDS-PAGE followed by staining with Coomassie Brilliant Blue R-250. The protein bands were excised and analyzed by MALDI-TOF MS analysis by Genomine Inc (http://www.genomi ne.com). The obtained peptide mass fingerprinting (PMF) data were searched using the MASCOT (http://www.matrixscience. com) search engine.
EMSA
LexA protein with an N-terminal 69 His-tag was purified as previously described (Kizawa et al., 2016) . Probes for the EMSA were obtained by PCR amplification with primers shown in Table S2 , using genomic S.6803 DNA as a template. The 3 0 end of the DNA fragment for each probe was labeled with DIG-ddUTP using the terminal transferase method according to the manufacturer's instructions (DIG gel shift kit second generation; Roche), and the assay was performed as described in the manual, except that 1 mM DTT was added to the reaction mixture.
Immunoblot analysis
Total proteins were extracted from S.6803 cells as previously described (Ishii and Hihara, 2008) and separated by 15% (w/v) SDS-PAGE, followed by electroblotting onto polyvinylidene difluoride membranes (Immobilon-P; Millipore). Immunodetection was performed using a rabbit polyclonal antibody raised against His-LexA recombinant protein. Goat anti-rabbit IgG conjugated to alkaline phosphatase was used as a secondary antibody.
Quantitative RT-PCR
Isolation of total RNA by the hot phenol method was performed as previously described (Muramatsu and Hihara, 2003) . To eliminate genomic DNA from total RNA samples, each sample was incubated with DNase I (Takara Bio, http://www.takara-bio.co.jp) at 37°C for 3 h. Subsequently, RNA was reverse transcribed using ReverTra Ace â qPCR RT Master Mix with gDNA Remover (TOYOBO, http://www.toyobo-global.com). Quantitative RT-PCR was performed with the Thunderbird SYBR qPCR Mix (TOYOBO) according to the manufacturer's protocol, using the primers listed in Table S2 . Amplification was performed by incubation at 95°C for 1 min, followed by 40 cycles of 95°C for 5 sec, 62.7°C for 20 sec and 72°C for 30 sec using a PTC-200 DNA Engine Option 2 system cycler (MJ Research, https://www.fishe rsci.com/us/en/brands/I9C8LZ1H/m-j-research-inc.html). The rnpB gene encoding RNase P subunit B was used as the internal standard.
Quantification of fatty acids
Fatty acids were extracted from the culture, including cyanobacterial cells, using hexane and analyzed by gas chromatography as previously described . Briefly, 1 g of NaH 2 PO 4 and an internal standard, 50 ll of 1 mg ml À1 pentadecanoic acid (C15 fatty acid) dissolved in methanol, were added to 25 ml of the culture. After extraction with hexane, the organic layer was dried, methyl esterified and then analyzed by gas chromatography (GC-2014, Shimadzu) . Fatty acid methyl esters were quantified based on chromatographic peak areas using an internal standard of C15 fatty acid.
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